Purpose of Review Standard clinical protocols for treating cerebral edema and intracranial hypertension after severe TBI have remained remarkably similar over decades. Cerebral edema and intracranial hypertension are treated interchangeably when in fact intracranial pressure (ICP) is a proxy for cerebral edema but also other processes such as extent of mass lesions, hydrocephalus, or cerebral blood volume. A complex interplay of multiple molecular mechanisms results in cerebral edema after severe TBI, and these are not measured or targeted by current clinically available tools. Addressing these underpinnings may be key to preventing or treating cerebral edema and improving outcome after severe TBI. Recent Findings This review begins by outlining basic principles underlying the relationship between edema and ICP including the Monro-Kellie doctrine and concepts of intracranial compliance/elastance. There is a subsequent brief discussion of current guidelines for ICP monitoring/management. We then focus most of the review on an evolving precision medicine approach towards cerebral edema and intracranial hypertension after TBI. Personalization of invasive neuromonitoring parameters including ICP waveform analysis, pulse amplitude, pressure reactivity, and longitudinal trajectories are presented. This is followed by a discussion of cerebral edema subtypes (continuum of ionic/cytotoxic/vasogenic edema and progressive secondary hemorrhage). Mechanisms of potential molecular contributors to cerebral edema after TBI are reviewed. For each target, we present findings from preclinical models, and evaluate their clinical utility as biomarkers and therapeutic targets for cerebral edema reduction. This selection represents promising candidates with evidence from different research groups, overlap/inter-relatedness with other pathways, and clinical/translational potential. Summary We outline an evolving precision medicine and translational approach towards cerebral edema and intracranial hypertension after severe TBI.
Introduction
After management of primary injury such as contusions, focal hematomas, or diffuse injury, cerebral edema is an important focus of neurocritical care in traumatic braininjured patients [1•, 2, 3] . Mechanisms underlying cerebral edema include a complex and expanding network of secondary injury molecular pathways that go beyond brain swelling caused by acute osmolar forces of central necrotic tissue from primary injury as described in the 1990s [4] [5] [6] . Cerebral edema often manifests as intracranial hypertension, which can be monitored clinically and is a key prognosticator of unfavorable outcome in traumatic brain injury (TBI) potentially resulting in irreversible brain injury, herniation, and death [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . For decades, management of cerebral edema and resultant intracranial hypertension has relied on nonspecific therapies ranging from hyperosmolar agents to decompressive craniectomy. These therapies, while potentially life-saving, have questionable impact on functional outcome and often fail to target or prevent underlying mechanisms of cerebral edema [20] [21] [22] . Due to insufficient evidence, current guidelines from the Brain Trauma Foundation (BTF) provide standard recommendations on intracranial pressure (ICP) or cerebral perfusion pressure (CPP) targets regardless of underlying patient and injury characteristics [23] . With the advent of precision medicine, there is an increasing recognition of the likely inadequacy of a "one-size -fitsall" approach, particularly in a heterogenous disease like TBI [1•, 24•, 25] . Advances in research increasingly suggest the potential benefits of incorporating mechanistic endophenotypes in the care of TBI patients, including biomarkers, genetic information, radiographic nuances, and advanced neuromonitoring [14, [25] [26] [27] [28] [29] [30] . Although this review discusses current monitoring and management of cerebral edema in TBI, the primary focus is on how translational strategies are evolving towards targeting molecular processes and individualizing patient-care.
Cerebral Edema and Intracranial Pressure Principles
Cerebral edema is related to ICP through the Monro-Kellie doctrine, autoregulation, and pressure volume relationships including intracranial compliance and elastance (Box 1). Individual differences in these processes are a fundamental reason why a standard ICP threshold does not reflect the same degree of pathophysiology or edema generation among patients; this provides an impetus for personalizing these targets. It is important to note that cerebral edema is not the only cause of intracranial hypertension. A variety of other processes including primary injury, obstruction of cerebrospinal fluid (CSF) outflow, and others can cause intracranial hypertension. Nonetheless, cerebral edema resulting from secondary injury is a central cause of elevated ICP [3] . Continuous ICP monitoring is a standard proxy for cerebral edema and complements other tools such as neurological examinations and radiographic scans. Since its introduction into clinical practice more than five decades ago, ICP has been a cornerstone of guiding severe TBI (severe TBI) care in the USA and most European countries [31] .
Box 1 Important physiologic principles of cerebral edema and intracranial pressure Monro-Kellie, Compliance, and Elastance
Initially described in 1783, the Monro-Kellie doctrine states that with an intact skull, the intracranial volume is fixed and dependent on the individual components: brain parenchyma (essentially non-compressible), CSF, and blood [32] . Volume added to one compartment (e.g., contusion, cerebral edema) necessitates a decrease in one or all of the remaining components. Thus, within limits, and depending on the rate of volume expansion, increases in one compartment are buffered by compensatory changes in other compartments such as reduction in CSF, or vasoconstriction from hyperventilation resulting in decreased CBF per Poiseuille's law (Box 1). Of note, autoregulation (the maintenance of CBF across a range of CPP values) may be regionally or globally disrupted after TBI.
An increasing recognition of the importance of this doctrine's relationship with ICP developed in the 1960s, with the seminal mathematical volume-pressure description by Marmarou in 1973 [33] [34] [35] . Although initial increases in intracranial volumes are compensated for by readjustment in other compartments, once the compensatory mechanisms have been exhausted, ICP rises. The resultant increase in ICP may reflect both the degree of edema (i.e., volume added to the intracranial vault), as well the intracranial elastance/ compliance which varies between individuals. Intracranial elastance is the change in pressure per unit change in volume (ΔP/ΔV); intracranial compliance (a more colloquial/familiar term) is the inverse of elastance, i.e., ΔV/ΔP (Box 1) [36] . Beyond a threshold that may also vary between individuals, this pressure volume relationship becomes exponential ( Fig. 1 ) and requires therapeutic intervention to prevent ischemia and/or herniation. The pressure volume index (PVI) described by Marmarou (verified experimentally in a cat model) is the theoretical volume required to raise ICP tenfold, and is typically 20-25 ml (Box 1) [37] . For obvious reasons In the compensated phase with low elastance, increase in intracranial volume does not significantly increase ICP. However, in the decompensated phase with high elastance, a small increase in intracranial volume exponentially increases ICP. Each patient has an individual pressure volume curve based on their respective baseline tissue properties and disease pathophysiology-schematic examples are provided in red (patient C), gray (patient B), and blue (patient A). At any given point, a patient may be located anywhere along the curve and these points may vary based on time as well as different brain regions including potential concerns for provoking ICP crises, PVI is not measured clinically. Attention has shifted towards other tools such as ICP waveform evaluation or pressure reactivity indices (PRx) as discussed below ("Current management guidelines for intracranial hypertension" section).
Current ICP Monitoring and Target Guidelines
Intracranial hypertension, particularly the pattern of ICP increase, "dose" of ICP, and ICP refractory to treatment is associated with unfavorable outcome and mortality after TBI [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 38] . However, the benefit of ICP monitoring and management on clinical outcome lacks high-quality evidence. An exhaustive discussion of the most recent BTF guidelines [23] is beyond the scope of this review. There is no level 1 evidence to support either ICP monitoring or ICP-CPP targets in TBI. The 2017 BTF guidelines provide a level II-b recommendation for ICP monitoring to reduce in-hospital and acute (2 week) mortality, with a revised threshold of 22 mmHg. This threshold has increased from 20 mmHg compared with the 2007 version. Similarly, there is a level II-b recommendation to target CPP 60-70 mmHg to decrease 2-week mortality.
There exists significant controversy regarding the risks versus benefits of ICP monitoring as well as ICP-and CPPdirected treatment [31, 38, 39] . A recent randomized controlled trial (RCT) performed in Bolivia and Ecuador by Chesnut et al. did not demonstrate superiority of ICP-guided therapy over imaging and clinical-examination-based care [39] . This was rapidly countered by a succession of large observational studies totaling > 14,000 patients, suggesting that ICP-guided treatment improves severe TBI mortality [39] [40] [41] [42] [43] . Some limitations of the Latin American RCT include a low treatment threshold (20 mmHg), external validity concerns due to increased mortality en route to a hospital, only 45% of patients transported by trained ambulance services, use of a composite endpoint and limited power to detect an effect on extended Glasgow Outcome Scale (GOS-E) score, and limited experience of some of the caregivers in managing severe TBI using ICP monitoring. Nonetheless, the data highlight how clinical and radiographic information may potentially complement ICP-directed therapy. While a commendable study, given its limitations and large body of contradictory observational data in the context of challenging decades of cemented practice, it has not changed standard of care in the USA.
Current Management Guidelines for Intracranial Hypertension
The 2017 BTF guidelines outline a systematic approach to ICP management [23] . There are no therapies with class 1 evidence available. Many institutional protocols follow a stepwise approach (Fig. 2) .
Tier 1
Within the first tier, adequate sedation and analgesia is necessary to minimize ICP spikes in patients with severe TBI; however, comparative data are lacking between agents and is often selected based on clinician discretion with regard to sideeffect profile. While not specifically in TBI, there are emerging data from pediatric critical illness suggesting a potential role of pharmacogenomic responses and polymorphisms in selection of the ideal agents-in the referenced study, ABC1 Fig. 2 Example of tiered approach to intracranial hypertension. This schematic is one example of a potential graded approach to ICP management. The exact details may differ based on institutional/ individual practice. In general, tier 1 therapy involves less aggressive measures such as head positioning, eucapnia, normothermia, adequate sedation/analgesia, and CSF drainage. If intracranial hypertension persists (currently defined by the Brain Trauma Foundation as > 22 mmHg) despite these therapies, tier 2 reflect an escalation in care such as hyperosmolar therapy, hypothermia, or paralysis. Tier 3 strategies are utilized when there is refractory intracranial hypertension to tier 2 strategies. This typically indicates barbiturate coma or decompressive craniectomy genotypes were associated with response to fentanyl/dose requirements [44] . Also, a recent direct comparison of fentanyl to hypertonic saline therapy for ICP spikes in children favored hypertonic saline [45] .
There are small retrospective studies demonstrating ICP reduction with continuous CSF drainage; however, the effect on mortality is unknown [46, 47] . The BTF level III recommendation is that continuous CSF drainage at the level of the midbrain may lower ICP more effectively than intermittent use [23] .
Tier 2
Hyperosmolar therapy in the form of mannitol or varying concentrations of hypertonic saline (HTS) are commonly used to treat cerebral edema and intracranial hypertension after TBI. There are no randomized studies demonstrating clinical/ functional outcome improvement. Both agents effectively lower ICP in TBI and there are few prospective trials comparing their efficacy. Direct comparisons are challenging due to wide ranges of concentrations and formulations of HTS (1.9-23%, dextran containing vs. sodium chloride vs. sodium acetate). An equimolar comparison between mannitol and 15% HTS determined no difference in efficacy [48] . Recent meta-analyses suggest a marginal benefit of HTS, although the absolute difference of2 mmHg is of unclear clinical significance and the included trials had small sample sizes and significant methodological heterogeneity [22, 48, 49] . Of note, a prolonged hyperosmolar state from continuous HTS infusion results in cerebral adaptation with increasing CNS intracellular osmolyte production within 9-24 h, reaching a new steady state between 2 and 7 days. This theoretically reduces the oncotic-pressure gradient (driven by Starling forces, Box 1) and results in potential tolerance/reduced efficacy of continuous HTS infusions [50] [51] [52] [53] . However, treatment with continuous HTS results in fewer episodes of intracranial hypertension in retrospective studies compared with hypotonic fluids, [54] [55] [56] [57] . There are no trials comparing continuous infusions versus bolus therapy of HTS in TBI.
Hypothermia is another tier 2 strategy to reduce ICP. Although earlier studies of hypothermia as a treatment for intracranial hypertension were promising [58] [59] [60] [61] , a recent RCT (Eurotherm3235) evaluating the effect of hypothermia (32-35°C) as a stage 2 treatment for ICP > 20 mmHg did not result in improved outcomes versus standard care [62•] . In this study, hypothermia effectively controlled ICP but there was a trend towards worse outcome. Of note, barbiturate treatment, a potential confounder and independent neuroprotectant, was used more frequently in the standard care group. Similar to cardiac arrest, questions remain regarding the appropriate degree of hypothermia versus targeted temperature management, versus "ultra-mild" hypothermia that may provide neuroprotection beyond fever prevention [63, 64] . There are no BTF recommendations regarding hypothermia for ICP control in adults, but there is a level 2 recommendation in children [65] .
Tier 3
Decompressive craniectomy is considered a definitive treatment for intracranial hypertension. Nonetheless, its role, timing, and effect on functional outcome is debated. Results from an earlier RCT performed in Australia (DEcompressive CRAniectomy, DECRA) indicated that although early bifrontotemporoparietal decompressive craniectomy decreased ICP and length of ICU stay, it increased risk of unfavorable outcomes [20] . This did not change clinical practice likely due to several trial limitations including morbidity related to the extensive nature of surgical decompression potentially contributing to unfavorable outcomes/complications, biased differences in injury severity between groups (more severe patients in the craniectomy group), early timing of surgery, and the fact that it is not frequently practiced clinically in the USA. A subsequent RCT (RESCUEicp) evaluated the impact of craniectomy for refractory ICP and demonstrated a lower mortality and higher rate of upper severe disability (independent at home, requires assistance outside) compared with the medical group [21•] . However, there were also higher rates of vegetative state and lower severe disability, resulting in controversy regarding the overall benefit of surgery on functional outcome and highlighting the importance of preoperative discussions regarding expectations and potential quality of life.
None of the strategies discussed above represents targeted therapy against underlying mechanisms of cerebral edema; they are reactionary and non-specific. This approach is changing as research advances in molecular pathways contributing to cerebral edema are revealing promising potential targets ("Molecular Pathophysiology, Biomarkers, and Targeted Treatment of Cerebral Edema" section).
Future Personalization of Invasive Neuromonitoring
One concern with the current ICP guidelines is that they do not account for individual differences in injury patterns, secondary injury responses, or elastance/compliance. This may partially contribute to the observed outcome reported by Chesnut et al. where ICP-guided therapy did not improve outcomes. There has been an encouraging interest in developing precision medicine approaches to ICP-and CPP-based management including ICP waveform analysis, reactivity indices that evaluate autoregulation, and longitudinal trajectory analyses.
ICP Waveform Analysis
For each ICP measurement, the waveform has three consistent peaks: P1 (percussion wave), P2 (tidal wave), and P3 (dicrotic wave) as shown in Fig. 3A . ICP waveform pulse amplitude (ICP plse ) is the magnitude of the pressure change (ΔP) that results from the pulsatile increase in cerebral blood volume (ΔV) occurring with each cardiac cycle. This amplitude, logically, is related to the intracranial elastance, i.e., with high elastance (ΔP/ΔV), a small increase in volume causes a large increase in pressure resulting in a large ICP plse (Fig. 3B) . As with many basic physiologic principles, this relationship has been long recognized-it was first noted in 1866 by Leyden, and is now being exploited for potentially clinical utility [36] . Depending on compliance/elastance differences, ICP plse could vary within each patient, and between patients, thus providing an opportunity for individualized evaluation and potential intervention. In a recent work, Howell et al. describe an inverse correlation between ICP plse and Glasgow Motor Score (GMS) and a positive correlation with age. There was also a response noted with treatment where ICP plse significantly decreased after thiopental and craniectomy. Subsequent work evaluating the pulse amplitude index (PAx, derived from the correlation between mean arterial pressure and ICP plse ) and correlation coefficient between ICP plse and CPP (RAC; R for correlation, A for amplitude, and C for CPP) that account for individual compliance and cerebral vasoreactivity have shown promise in prognosticating functional outcome even at low ICP values [28, 66, 67] . Limited data suggest their utility in determining optimal CPP (CPP OPT ) similar to PRx [66] . Translation of these parameters into easily accessible bedside care may prove 
Pressure Reactivity Index
First described in 1997, PRx is another tool to evaluate cerebrovascular reactivity. This preceded PAx and RAC and consequently has the most data in support of its utility [68] [69] [70] [71] [72] . PRx is a moving correlation coefficient (range − 1 to + 1) between arterial pressure and ICP (40 consecutive samples averaged over 5 s). With intact autoregulation, increasing blood pressure reduces ICP (-PRx) versus with absent pressure reactivity, where ICP would passively rise (+PRx). Positive values, particularly > 0.25 have been associated with mortality, and those < 0.05 with favorable outcome [68, 69] . Persistently positive PRx for > 6 h demonstrating a long period of absent reactivity is similarly associated with unfavorable outcome [70, 71] . It follows that the lowest patient value of PRx reflects maximal pressure reactivity and allows identification of CPP OPT (Fig. 3C) . Although some studies suggest that patients with mean CPP approximating CPP OPT have increased odds of favorable outcome, other work has indicated that PRx informing ICP-targeted management is more successful when PRx > 0.13 (i.e., impaired) while CPP-targeted management is favorable with intact pressure reactivity (PRx < 0.13) [69, 72, 73] . Unlike the waveform analysis parameters above, PRx does not incorporate measures of compliance/ elastance and its predictive value has been outperformed by PAx and RAC in a recent study evaluating multiple continuous cerebrovascular reactivity indices [28] . Importantly, like ICP, all of these measures of cerebrovascular reactivity and compliance are global measures that are not reflective of a process that is often heterogeneous [74] . Autoregulation, for example, may be intact in one brain region but impaired or even absent in another after TBI and thus the use of a single global metric to direct therapy could either appropriately or inappropriately impact different brain regions. This is an important limitation and underscores the need for eventual use in combination with other metrics including imaging, other advanced monitoring, molecular and/or biochemical markers, and biomarkers.
Longitudinal Trajectories
Point values of ICP (or any continuous variable/index) do not include information regarding potentially important temporal trends. Recent work has suggested that there are multiple different patterns of longitudinal ICP trajectories after severe TBI (Fig. 3D) , and that these categories may prognosticate outcome [75] . Interestingly, although groups with persistent hypertension in this study predicted unfavorable outcome, so did groups that never/rarely experienced ICP values > 20 mmHg even in the absence of craniectomy. All groups prognosticating unfavorable outcome were found to have extremely low ICP variability, potentially reflective of cerebrovascular uncoupling. The presence of persistently low ICP may not reflect less cerebral edema/secondary injury-indeed in these patients, ICP may just not be an accurate reflection of this process that may still benefit from targeted treatment even though they do not reach the traditional "threshold" of 20-22 mmHg; rather, ICP may be low due to other factors such as age-related atrophy or compliance/elastance differences, or cerebrovascular uncoupling. There are many limitations to this exploratory work-the findings need to be validated, and, in their current form, these methods cannot categorize patients a priori into different groups, thus limiting the ability for immediate bedside translation. Nonetheless, the findings raise provocative questions about the utility of ICP monitoring in different groups, the potential need for different thresholds/ other biomarkers for cerebral edema, as well as patient selection for clinical trials.
Molecular Pathophysiology, Biomarkers, and Targeted Treatment of Cerebral Edema
ICP is an imperfect but practical measurement proxy for cerebral edema. It is a focal measure of a heterogeneous process, and does not reflect the complex multifaceted molecular pathways that culminate in cerebral edema. Acute brain swelling in contusions is thought to be secondary to the high osmolality of central necrotic tissue as characterized by Katayama et al. [4, 5, 76] . However, primary injury initiates a cascade of events that influence ion channels, cellular swelling, inflammation, and BBB integrity. Understanding these processes at a molecular level will facilitate biomarker and targeted therapy development.
Continuum of Ionic, Cytotoxic, and Vasogenic Edema
Historically, cerebral edema has been categorized as "cytotoxic" (cellular) edema versus "vasogenic" edema (from a leaky BBB); however, these distinctions are somewhat artificial since there is increasing evidence of mechanistic overlap between these forms of edema [3, 6, 77, 78] . As early as 1 h after TBI, ion pump failure/activation of select ion channels results in loss of homeostatic ionic gradients and water movement into the intracellular space [3, 14, 76] . This cellular swelling, a.k.a. cytotoxic edema, has been best characterized in astrocytes, however can occur in all cell types including endothelial cells and neurons [79] . When cytotoxic edema in endothelial cells results in oncotic cell death, it contributes to loss of integrity of the BBB and thus promotes vasogenic edema (which also occurs through a variety of additional processes including mechanical disruption, neuroinflammation, angiogenic factors, tight junction degradation, and cytoskeletal rearrangements) [3, 79] . In its extreme form, where there is complete dissolution of the BBB, progressive secondary hemorrhage occurs. Thus, cellular/cytotoxic edema, vasogenic edema, and secondary hemorrhage are inter-related on a continuum (Fig. 4) [80] . Ionic edema also occurs in endothelial cells and is analogous to cytotoxic edema; however, there is a polarity to transcapillary ion/water fluxes where water moves across the endothelial cell into the interstitium. Of note, isolated cellular swelling is merely redistribution of water from the interstitial to the intracellular space, thus does not increase absolute brain water content-this increase requires perfusion and is driven by external fluid entry into the central nervous system (CNS) via other sources such as the vasculature and/or glymphatic system [79] [80] [81] [82] . In addition, it should be recognized that in some settings, the term "cellular swelling" may be preferable to the term cytotoxic edema, given that cellular swelling occurs predominantly in astrocyte foot processes and may often be less representative of a "toxic" than a homeostatic or mediator driven process such as glutamate uptake, potassium homeostasis, arachidonic acid release, and/or pH regulation [83, 84] . Thus, in its extreme form, for example, with endothelial cell rupture, cellular swelling may be cytotoxic, but at milder levels, it is homeostatic.
Both cytotoxic and vasogenic components have been found to be significant contributors to cerebral edema after TBI, potentially occurring concurrently [3, 14, 85, 86] . The predominant edema type may vary based on injury phenotype, genetics, secondary insults, treatments, and timing after injury. Cytotoxic edema in humans has been reported within the first hour after TBI [76] . Vasogenic edema can also form early since BBB permeability is immediately influenced by mechanical shearing forces. Significant BBB permeability has been described within the first few hours post-injury in different TBI models, persisting for 3-4 days with a possible second phase after 5-7 days resulting from microglial activation [3, [87] [88] [89] [90] [91] .
Key Molecular Contributors to Cerebral Edema: Mechanisms, Biomarkers, and Therapeutic Targets
A comprehensive review of all the pathways reported to contribute to cerebral edema is beyond the scope of this review; One hypothesis is that this is driven by osmotic forces. Ion channels expressed luminally (pink, such as NKCC1, Sur1-Trpm4) result in water movement into the endothelial cell, and then abluminal channels and transporters (green, e.g., Na + /K + ATPase, Sur1-Trpm4) continue water movement across the cell into the interstitial space. The net movement of water (blue arrow) is from the capillary, across the endothelial cell, into the interstitial space. 2 Cytotoxic edema involves movement of water into cells including neurons, astrocytes, and endothelial cells. This occurs via various channels as listed including Sur1-Trpm4, NKCC1, EAAT1/2 and NMDA-R (glutamate channels), and AQP4. Intracellular influx of Na + and water results in oncotic edema and cell death. When this occurs in endothelial cells and astrocytes containing podocytes that contribute to blood-brain barrier (BBB) integrity, it contributes to disruption of the BBB and vasogenic edema. 3 Vasogenic edema involves water and proteinaceous fluid movement across a disrupted BBB. Multiple mechanisms contribute to vasogenic edema including oncotic edema of endothelial cells and astrocytes (3A, 2), decreased water efflux via AQP4 (3B), downregulation and disruption of tight junction proteins and the basement membrane (3C) and recruitment and activation of inflammatory cells such as peripheral leukocytes, astrocytes, and microglia (3D). Disruption and downregulation of tight junctions and basement membrane proteins involves many pathways including MMP-9, VEGF, and inflammatory cytokines and chemokines. These are also involved in recruitment and activation of inflammatory cells. 4 Progressive secondary hemorrhage when mechanisms of cellular and vasogenic edema result in complete disruption of the BBB and extravasation of blood cells and products into the interstitium indeed, many of these pathways are likely yet to be discovered. The roles of some key players and their reported molecular mechanisms are highlighted. These were selected based on a growing body of evidence suggesting their importance including repeated observations by multiple laboratories and promise in terms of translation as biomarkers and/or clinical therapeutic targets. No new biomarkers or therapies are currently available for clinical use to aid in the diagnosis, monitoring, or treatment of cerebral edema, but they represent important avenues for future research. As discussed below, many of these pathways interact in a cybernetic fashion, suggesting potential synergistic effects of novel therapies targeting cerebral edema.
Aquaporin-4
Mechanism Although both AQP1 and aquaporin-4 (AQP4) are prevalent in the CNS, the role of AQP4 in both vasogenic and cytotoxic edema is better characterized [92] . Supramolecular assemblies of the M23 AQP4 isoform tetramers have been reported to aggregate into orthogonal arrays and facilitate water movement [80, 92] . This pathway has reported connections with other molecular contributors to cerebral edema, including a tripartite-complex association between Sur1-Trpm4-AQP4, a glutamate uptake channel EAAT1/2, and inflammatory cytokines [79, 93, 94] . Increased intracellular water movement mediated by AQP4 channels on perivascular astrocytic foot processes contributes to cytotoxic edema. Decreased water elimination via AQP4 through perivascular astrocytic foot processes, subpial processes (into the subarachnoid CSF), subependymal processes (into the ventricle), and glymphatic processes contributes to vasogenic edema [81, 95, 96] . Given these opposing forces, the spatio-temporal expression of AQP4 may be important to determining (and treating) AQP4 contributions to edema formation versus elimination [80] . These challenges are likely one reason for conflicting reports in TBI where some studies report downregulation of AQP4 within the first 48 h [97] [98] [99] [100] [101] , and others report upregulation [102] [103] [104] . AQP4 downregulation may specifically occur in regions of BBB disruption [97] [98] [99] [100] [101] . A study in murine closed head injury demonstrated a global increase in cortical and striatal AQP4 (peak day 7), with perivascular AQP4 downregulation by day 3, suggesting that changes in AQP4 localization and polarization while potentially worsening vasogenic edema may be a compensatory mechanism to counteract cytotoxic edema [105] . In AQP4 −/−mice subjected to mild-TBI, decreased astrocytic footprocess edema was observed; however, these effects were smaller than seen with AQP4 deletion in pure cytotoxic edema models, potentially a consequence of a concomitant decrease in AQP4-dependent clearance of vasogenic edema [106] .
Biomarker Study of AQP4 in human TBI is limited but promising. In a study containing 9 TBI patients, AQP4 expression was seen around the site of injury at 15 h, persisting at 8 days [107] . In 20 patients with TBI, CSF levels of AQP4 by Western blot were significantly higher vs. control [108] . Unexpectedly, AQP levels continued to increase in patients without intracranial hypertension, however remained unchanged in patients with multiple measures > 20 mmHg; the authors speculated a negative feedback loop whereby persistent intracranial hypertension impeded AQP4 expression. Although AQP4 polymorphisms have been associated with outcome after TBI, their ability to prognosticate development of cerebral edema or intracranial hypertension remains to be defined [109] . Findings from these exploratory human studies are consistent with underlying pathophysiology but require validation.
Therapeutic Target There are no human studies on AQP4 inhibition after severe TBI. In vivo TBI studies have shown conflicting results-many with improved edema, however a few with no-effect or even increased edema [99, 105, 106, [110] [111] [112] . In non-TBI models limited primarily to cytotoxic edema (such as water intoxication), AQP4−/− mice have reduced edema; however, in models with predominantly vasogenic edema (tumors, subarachnoid hemorrhage, abscess), there is worsening of edema [92, 113, 114] potentially consistent with the aforementioned importance of AQP4 in water elimination [81, 95, 96] . There are isolated reports of pharmacologic AQP4 inhibition showing benefit on edema reduction in TBI with multiple compounds via different mechanisms including AER-271, astaxanthin, ghrelin, and propofol that warrant further exploration in corroboratory preclinical work prior to translation to humans [115] [116] [117] [118] [119] .
Glutamate
Mechanism Glutamate excitotoxicity has been a subject of research across a spectrum of neuroinflammatory, neurodegenerative and neuropsychiatric disorders including TBI for over 30 years [120] [121] [122] [123] . Post-TBI glutamate excitotoxicity may have harmful contributions to many secondary injury cascades including cerebral edema. However, there may also be a delayed benefit to neuronal survival [124] . Increased extracellular glutamate after injury is related to processes such as synaptic release, cellular/neuronal lysis, and spreading depolarizations; levels may reach > 200 μM [79] . This value far exceeds concentrations of 5-50 μM that result in astrocytic edema via EAAT1/2 channels that mediate glutamate influx by co-transporting Na + and water [79, 80] . The impact of glutamate on cellular edema may also occur via other pathways including the ionotropic NMDA-receptor (causing intracellular influx of Na + and Ca2+), metabotropic receptors that may increase BBB permeability, or increasing endothelial cell apoptosis via nitric oxide and reactive oxygen species pathways [3] .
Biomarker Preclinical studies have reported elevated extracellular glutamate concentrations after TBI [125, 126] . Research in human patients has confirmed a significant increase in local microdialysate glutamate concentration post-TBI [127] [128] [129] [130] [131] . Earlier studies from different groups have demonstrated a consistent/reproducible association between elevated microdialysate glutamate concentration and intracranial hypertension, most pronounced in contusions and patients with secondary ischemia [127] [128] [129] 131] . Concentrations > 20 μmol/L were associated with sustained ICP and 6-month outcome [127, 129] . Longitudinal patterns of glutamate levels have been associated with mortality and outcome-declining levels have favorable prognoses versus patients with rising or sustained elevations in glutamate [127] . The concept of longitudinal patterns appears to be a consistent theme, observed for ICP trajectories and other biomarkers (Sur1) [26] . A recent human TBI study (n = 20) correlated CSF glutamate and lactate levels with 3-day mortality; however, prediction on ICP or cerebral edema measures was not performed [130] .
Therapeutic Target Glutamate inhibition has been studied across many neurological disorders using multiple approaches including pre-/postsynaptic receptor antagonists, competitive antagonists, and non-competitive antagonists such as MK-801, selfotel, magnesium, memantine, ketamine, amantadine, and NA-1 [127, [132] [133] [134] [135] [136] . Some of these compounds have been tested in human TBI trials however failed to show clinical benefit (ICP/cerebral edema were not evaluated as outcome measures) [136] [137] [138] . NA-1, an eicosapeptide that inhibits the interactions of postsynaptic scaffolding protein PSD-95 to NMDA glutamate receptors, reduced the number of ischemic microemboli in patients undergoing endovascular repair of intracranial aneurysms and is emerging as a potential neuroprotectant. It is being evaluated in a multicenter phase 3 randomized placebo-controlled clinical trial of acute stroke (ClinicalTrials.gov NCT02930018). Reducing ischemic effects may also decrease cytotoxic edema after TBI, given the well-recognized relationship between excitotoxicity and intracranial hypertension [139] .
Inflammatory Chemokines and Cytokines
Mechanism The role of neuroinflammation in TBI is complex and detailed in other reviews [140, 141] . It plays a complex role in both injury and repair. Release of damage-associated molecular patterns with both primary and secondary injury initiates an immune response including release of proinflammatory cytokines (tumor necrosis factor (TNF); interleukins IL-6, IL-8, IL-1β; tumor growth factor (TGF-β)); chemokines (CXCL1, CXCL2, CCL2); inflammatory cell adhesion molecules (intracellular adhesion molecule (ICAM); vascular adhesion molecule (VCAM)); recruitment of systemic inflammatory cells (first neutrophils, and subsequently monocytes and lymphocytes); activation of resident cells (microglia, astrocytes, neurons, endothelial cells); activation of pathways involving AQP4, MMP, Sur1-Trpm4, and bradykinin; and decreased expression of tight junction proteins (claudin, occludin) [3, 87, 124, 140, [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] .These processes are interconnected (e.g., release of chemokines further recruits and activates inflammatory cells), and contribute to BBB disruption and vasogenic edema after TBI [80] .
Biomarker TGF-β, a pro-inflammatory cytokine associated with BBB disruption, has demonstrated a dose-dependent effect on paracellular permeability of the CNS endothelium in vitro [159] . In a small human study of TBI (n = 22), elevated CSF TGF-β was similarly associated with increased BBB permeability as measured by CSF/serum albumin quotient [151] . Increased CSF levels of IL-8, another upregulated pro-inflammatory cytokine after TBI known to increase BBB permeability, were associated with mortality in children, and BBB permeability in adults [152] [153] [154] [155] . CSF complement levels (C3 and the soluble complement-derived membrane attack complex) have also been associated with post-TBI BBB permeability [160, 161] . A recent study in 114 patients used principal component analysis and identified CSF inflammatory biomarker profiles (containing high levels of soluble-ICAM-1, sFAS, IL-10, IL-6, sVCAM-1, IL-5, and IL8) highly predictive of unfavorable 6-month outcome [162] . Effect on ICP/other measures of edema were not evaluated.
Therapeutic Target High dose corticosteroids, while antiinflammatory with effects on some of the aforementioned targets and reported benefit against cerebral edema, are not recommended in TBI [23] . Their utility, initially discovered against tumoral edema, was expanded to other neurological diseases including TBI in the 1960s. Subsequent RCTs were conflicting; however, after the large randomized placebo-controlled trial (Corticosteroid Randomization After Significant Head injury, CRASH, n = 10,008) demonstrating increased 2-week and 6-month mortality resulted in a level-I recommendation against their use in severe TBI [163, 164] . It remains unclear whether this finding resulted from a failure of corticosteroid treatment to mitigate key detrimental effects of neuroinflammation in TBI, the possibility that important beneficial effects of neuroinflammation were blunted, and/or that unwanted side effects of steroid therapy negated any potential benefit.
Another potential treatment class with anti-inflammatory effects that may decrease cerebral edema is the peroxisome proliferator-activated receptor agonists such as pioglitazone and rosiglitazone. In vitro and in vivo, these have been shown to inhibit pathways implicated in vasogenic edema including cytokines (TNF, IL-1β), NF-κΒ, ICAM-1, and matrix metalloproteinase-9 (MMP-9) with resultant BBB stabilization [3, [165] [166] [167] [168] . There are also purported benefits with reduction in lesion volume and neuronal survival [169, 170] . There are clinical studies of pioglitazone and rosiglitazone in stroke, multiple sclerosis, intracerebral hemorrhage, and brain tumors-while some of these trials have demonstrated promising anti-inflammatory effects, none directly assess the impact on BBB/vasogenic edema [171] [172] [173] [174] [175] . The trial in multiple sclerosis demonstrated decreased IL-6 and TNF-α in patients treated with pioglitazone [174] . At the time of this review, there are no human studies in TBI, although preclinical studies suggest that this may be a valuable target for exploration.
Finally, contemporary studies have suggested an important role for the danger signal high mobility group Box 1 (HMGB1) in initiating a molecular cascade that involves toll-like receptor signaling and result cytokine-mediated upregulation of AQP4 with resultant cerebral edema and BBB permeability [94] . Several reports support that possibility including studies showing increased CSF levels of HMGB1 in clinical TBI [176] . However, recent targeted studies of TBI in conditional HMGB1 knockout mice failed to reveal any effect on either cerebral edema or BBB permeability vs. wild-type control mice (Aneja et al., Crit Care Med, ePub ahead of print). The role of this pathway in the development of cerebral edema remains to be more fully defined.
Matrix Metalloproteinase-9
Mechanism MMP-9 is a zinc-dependent endopeptidase zymogen implicated in BBB disruption and vasogenic edema from extracellular matrix degradation (including basal lamina, tight junction proteins such as occludin, zona-occludins-1, c-Jun-N-Terminal-kinase signaling) and activation of cytokines and chemokines [3, 6, 124, 177] . It is predominantly expressed in neutrophils but is present in endothelial cells, other leukocytes, and weakly in astrocytes and neurons and released into the extracellular space after injury [3, 80, 124] . Preclinical studies in TBI suggest a connection between MMP-9 and the Na
− cotransporter NKCC1 [178] .
Biomarker High microdialysate MMP-9 levels have been detected early in a small study of severe TBI (12-18 h, n = 8), with declining levels over time [179] , and there was a trend towards higher MMP-9 levels in patients with severe brain tissue hypoxia. Interestingly, elevated MMP-8 but not MMP-9 levels in this study were associated with mortality. Another TBI study (n = 12) reported elevated pericontusional microdialysate MMP-9 concentrations (versus contralateral) [144] . In large-hemispheric stroke studies, serum MMP-9 levels consistently correlate with malignant cerebral edema and were responsive to Sur1/Trpm4 inhibition with glibenclamide as discussed in the "Sulfonylurea Receptor 1-Transient Receptor Potential Cation Channel Subfamily M Member 4 (SUR1-TRPM4)" section [180] [181] [182] [183] [184] . While the data are limited, based on available research, MMP-9 appears to be a promising potential biomarker of cerebral edema and BBB breakdown that warrants further exploration in human TBI.
Therapeutic Target Preclinical TBI models with MMP-9 inhibition (including SB-3CT, a highly selective MMP-2 and MMP-9 inhibitor) have shown improvement in BBB integrity (from reduced tight junction protein degradation and decreased vascular permeability) attenuated microglial activation, and reduced lesion volume; the effect on outcome has been controversial [145, [185] [186] [187] [188] [189] [190] . In part, this may be due to the involvement of MMP-9 in neurovascular modeling and repair [124, 191] ; timing of MMP-9 inhibition may thus be critical in terms of impact on edema and outcome. Glibenclamide, an indirect MMP inhibitor, has shown benefit against edema reduction in clinical stroke trials ("Sulfonylurea Receptor 1-Transient Receptor Potential Cation Channel Subfamily M Member 4 (SUR1-TRPM4)" section) [180, 184] ; however, MMP-9 inhibition has not been studied in human TBI. Future studies evaluating the effect of MMP-9 inhibition in TBI are warranted.
NKCC1
Mechanism NKCC1 is a Na
− cotransporter that mediates ion and water transport across the plasma membrane to regulate volume/ion homeostasis [178] . In the presence of ATP, luminal NKCC1 transports Na + into endothelial cells, which is then expelled into the interstitium by abluminal Na + -K + -ATPase. NKCC1 is rapidly upregulated after preclinical TBI (within 1 h), resulting in cellular swelling due to increased ion and water influx and reduced efflux. In animal models, the upregulation and contribution of NKCC1 to both cytotoxic and vasogenic edema are connected with other pathways including glutamate, IL-1β, MMP-9, and AQP4 [115, 178, [192] [193] [194] [195] [196] .
Biomarker There are no reported studies of NKCC1 as a biomarker in humans.
Therapeutic Target Bumetanide treatment (inhibiting NKCC1) in vitro reduced astrocyte swelling after FPI [192, 197] . Both cellular and vasogenic edema/BBB disruption were reduced in in vivo TBI models [115, 178, [193] [194] [195] [196] . Although potential synergy between bumetanide and glibenclimide has been proposed (the "Sulfonylurea Receptor 1-Transient Receptor Potential Cation Channel Subfamily M Member 4 (SUR1-TRPM4)" section) due to the opposite dependencies on intracellular ATP [194] , this has not been experimentally evaluated. Several preclinical studies in in vitro and animal models of TBI support benefit of bumetanide or NKCC1 knockout mice on cerebral edema and neuronal death (Lu et Mechanism First reported in ischemic stroke, Sur1 is upregulated after various forms of CNS injury (including TBI) and associates with a non-selective cation channel (Trpm4) causing channel opening, sodium (and water) influx, oncotic edema, and ultimately cell death [198, 199] . The Sur1-Trpm4 channel (an octamer comprising four Sur1 subunits and four Trpm4 subunits) is not present in the CNS under normal conditions, thus rendering it a unique potential target [199] . After TBI, it is upregulated in neurons, astrocytes, and endothelial cells, contributing to cytotoxic edema. With oncotic cell death of endothelial cells disrupting the BBB, this pathway also contributes to vasogenic edema and progressive secondary hemorrhage [198] .
Biomarker In a small prospective study of severe TBI (n = 28), CSF Sur1 levels were elevated in patients and undetectable in controls (patients with normal pressure hydrocephalus) [26] . Mean and peak Sur1 levels were higher in patients with radiographic cerebral edema. Similar to other biomarkers where longitudinal trajectories appear relevant (glutamate, Vascular endothelial growth factor (VEGF), MMP-9), no patients with declining Sur1 levels between 48 and 72 h had any episodes of intracranial hypertension. Spatially clustered ABCC8 (encoding Sur1) polymorphisms contained within a region of DNA encoding the Sur1-receptor site and Trpm4-pore interface have been reported to predict measures of cerebral edema (radiographic, mean/peak ICP, ICP trajectories) and outcome after severe TBI [30, 200, 201] . In the same cohort, clustered TRPM4 polymorphisms (contained within a region of DNA encoding the channel pore) also predicted intracranial hypertension after TBI and had important interactions with ABCC8 polymorphisms [202] . These studies all require validation but are consistent with known pathophysiology and exciting avenues for future research.
Therapeutic Target In preclinical models, Sur1-Trpm4 inhibition with glibenclamide (aka glyburide) has shown promising edema-reducing effects (measured by brain water and ICP), as well as decreased progressive secondary hemorrhage [198, 203, 204] . There are also reported improvement in functional outcome and contusion volume [205, 206] . In human trials of ischemic stroke, this therapy has also demonstrated impact on edema reduction [180, 184] . Treatment with oral glibenclamide in two small RCTs showed decreased contusion expansion rate and improved short-term outcome [207, 208] . Results from a third placebo-controlled clinical trial in TBI (NCT01454154) are pending, and a large phase II study is planned. Of all the targets mentioned, this currently appears the closest to clinical translation.
Vascular Endothelial Growth Factor-A
Mechanism Vascular endothelial growth factor-A (VEGF-A) is a secreted glycoprotein upregulated in astrocytes, CNS endothelium, and macrophages after TBI that increases microvascular permeability and angiogenesis both in vitro and in vivo [209, 210] . Increased microvascular permeability is thought to occur via downregulation and/or degradation/ ubiquination of tight junction proteins [211] [212] [213] , and angiogenesis via recruitment of endothelial progenitor cells [214] . VEGF-A is activated by MMP-9, and similarly is also involved in neurogenesis and repair [215] , thus making the timing of modulation important to any potential benefit on edema/outcome [80] .
Biomarker In rat microdialysate, VEGF was one of four growth factors with significantly elevated levels after fluid percussion injury versus sham; however, no association was demonstrated with vasogenic edema, BBB integrity, or outcome [216] . Increased levels of VEGF were seen in CSF peaking early after severe TBI in children [217] . In adults (n = 70) evaluating longitudinal VEGF trajectories, plasma VEGF levels initially decreased in the first 24 h after TBI, subsequently rose (day 4), peaked at day 14, and normalized by day 21 [218] . In this study, VEGF alone did not predict mortality or clinical course. However, its relationship to cerebral edema and/or ICP was not evaluated and merits further study in TBI.
Therapeutic Target VEGF inhibition has been reported using vascular endothelial growth inhibitor (VEGI) or a VEGF-antibody, bevacizumab. Modulation of this pathway in fluid percussion injury using exogenous VEGI reduced tissue loss and upregulated tight junction proteins to protect the BBB [219] . Bevacizumab has demonstrated beneficial effects on the BBB and vasogenic edema in glioblatoma multiforme [220] . However, in controlled-cortical impact, bevacizumab treatment resulted in worsened contusion volume and neurologic deficits without decreasing vasogenic edema or BBB permeability, thus highlighting the potential importance of VEGF in angiogenesis/repair [221] .
Conclusions
Our understanding the pathophysiology of cerebral edema after TBI is incomplete. The degree to which the processes discussed in this review are harmful versus protective remains to be defined and is crucial to informing future therapeutic modulation. Severe intracranial hypertension, while associated with mortality, is not generally associated with functional outcome in severe TBI survivors [38, 201, [222] [223] [224] [225] [226] [227] . Conversely, cerebral edema that does not result in intracranial hypertension due to other factors such as age, atrophy, or elastance may impact outcome unfavorably. The current generic standard of care does not phenotype patients with severe TBI using anatomic, physiologic, genetic, and/or molecular approaches which represents a roadblock to understanding the pathobiology of cerebral edema and developing optimal targeted therapies to prevent or mitigate its development and/ or its deleterious effects. However, many such efforts are underway. There are innumerable pathways contributing to cerebral edema, some of which may remain to be discovered; however, identification of key interconnected participants such as those described in this review provides an important foundation. Advances in technologies including biomarkers, genetics, "omics," imaging, and neuromonitoring may eventually enable rapid bedside stratification of severe TBI patients based on individual pathophysiology-optimizing edema targeting strategies. However, integrating these data into a clinically usable format will likely be challenging and require significant collaborative and financial research support to facilitate translation. Multicenter preclinical and clinical research initiatives will be imperative such as Operation Brain Trauma Therapy (OBTT), Transforming Research and Clinical Knowledge in TBI (TRACK-TBI), and Collaborative European NeuroTrauma Effectiveness Research in TBI (CENTER-TBI) [228] [229] [230] , among others. Analogous to cancer chemotherapies, eventual treatment of cerebral edema may be multi-drug regimens targeting specific molecular and monitoring signatures, coupled to optimized physiology-based interventions and/or surgery. Quo vadis? Into the future.
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